Inverse photoemission spectroscopy (IPES) is an experimental method to examine the unoccupied states of solid materials. 1, 2 In IPES, mono-energetic electrons are incident on a sample surface and the emitted photons as a result of the electron transition to a particular unoccupied state are detected. IPES can be regarded as the inversion of photoemission spectroscopy (PES) which examines the density of occupied states. However, IPES is far less widely used than PES because of the low cross section of the IPES process. 3, 4 IPES became more widespread after the development of high sensitivity bandpass photon detector in the late 1970s by Dude. 5 Since then considerable effort has been devoted to improving the energy resolution. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] However, the bandpass energy and energy resolution are inherently limited by the properties of the materials used. The resolution of practically useful apparatus is limited to 0.4 eV. [12] [13] [14] [15] Another large drawback of IPES is sample damage when it is applied to organic materials. 16 Recently, we have demonstrated low-energy inverse photoemission spectroscopy (LEIPS) for the first time. 17 The electron kinetic energy ranges between 0 and 4 eV and the emitted photons in the near ultraviolet (NUV; wavelength longer than 250 nm) range are detected. Compared with the vacuum ultraviolet light typically detected in the conventional IPES, the NUV photons can be analyzed at the higher resolution without losing the sensitivity. We have demonstrated LEIPS using the multilayer dielectric interference filters (the resolution between 0.1 and 0.25 eV) 17 or the high-resolution grating spectrometer (better than 0.1 eV). 18 Since the kinetic energy of electron is below the damage threshold of most of organic materials, 19 the irradiation damage to the organic samples can be significantly reduced. So far, the electron affinities of a n-type polymer, P(NDI2OD-T2), 20 copper phthalocyanine (CuPc), 17 and pentacene 21 have been precisely determined.
In this Note, we describe an experimental apparatus for LEIPS. Compared with the prototypical apparatus reported before, 17 two major improvements have been made. First, the photon detector was installed on the same side of the electron a) Email: yoshida@e.kuicr.kyoto-u.ac.jp. TEL: +81-774-38-3083. FAX:
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source. This enabled us to use any conductive materials such as metal and semiconductor. Second, the focusing optics were installed in the vacuum chamber. This improvement increases the collection efficiency of photons by a factor of four.
The experimental apparatus consists of the two vacuum chambers, one for the sample preparation (not shown) and the other for LEIPS measurement (Fig. 1) , which are evacuated to lower than 1 × 10 −7 Pa. In the LEIPS chamber, an electron beam is incident to a sample film. The sample current is measured using an Advantest 8240 electrometer. The emitted photons are collected and focused into a photon detector using a quartz lens. The lens was installed as close as the sample specimen resulting in the acceptance angle of 0.4 sr. The collected photons are selected by an optical bandpass filter (BrightLine, Semrock Inc.) and detected by a photomultiplier tube (R585, Hamamatsu Photonics K.K). The photon intensity is recorded as a function of electron kinetic energy and normalized by the incident electron current to yield a LEIPS spectrum.
The overall resolution of IPES apparatus is assessed from a spectrum of the Fermi edge of an Ag film. Figure 2(a) shows the spectrum taken with the bandpass filter of 254 nm (center energy of 4.88 eV with 0.15 eV in a full width at the half maximum, FWHM). The spectrum closely follows the error function with an FWHM of 0.27 eV. 22 The instrumental function is evaluated from the first derivative of the spectrum around the Fermi level 17 and can be approximated by the Gaussian function as shown in Fig. 2(b) . The determined overall resolution is 0.27 ± 0.01 eV in FWHM. Though the two procedures are mathematically equivalent, the first method does not require the derivative and a spectrum with lower S/N ratio can be analyzed. The overall resolution thus derived is improved from the previous value 0.33 ± 0.03 eV 17 mainly because the resolution of the bandpass filter is improved from 0.20 eV to 0.15 eV.
Using this apparatus, a thin film of zinc phthalocyanine (ZnPc) was examined. Figure 3 shows the IPES spectra of a 10-nm thick ZnPc film. The spectra measured at the different photon energies, 254, 285, and 335 nm show the same spectral features suggesting that the spectra certainly reflect the density of unoccupied states of the ZnPc film. The spectra are also consistent with the earlier reports. The intensity of the spectra can be compared with those of CuPc in the previous report 17 because the IPES spectra around the energy gap are mainly contributed from the organic ligand rather than the central metal. 23 The intensities of Fig. 3 are one order of magnitude higher than the previous ones (Fig. 4 of Ref. 17) if the throughput of the filters is taken into account. This increase of the signal intensity can be understood from the two reasons. First, the collection efficiency of the photon is improved by a factor of four. Second, the photon detector is installed in the same side of the electron gun so that the photons are not absorbed by the sample and substrate; the transmittance of 20-nm-thick ITO used in Ref. 17 as a substrate is only 40% in 250-300 nm.
In summary, an experimental apparatus for the LEIPS is described. Compared with the prototypical apparatus for LEIPS, 17 the solid angle for the photon collection is increased fourfold by placing the focusing lens in the vacuum. In addi- tion, the photon detector is installed facing the sample surface. This allows us to use opaque substrates in NUV range (any materials that have electrical conductivity). The photon signals are not lost by the absorption in the sample and substrate together with the improved collection efficiency, the signal intensity is increased by one order of magnitude. The overall resolution, estimated from the Fermi edge of Ag film, is 0.27 eV.
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